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Accepted 29 February 2008A recent study examining genetic variations among the 3 completely sequenced white spot syndrome
virus (WSSV) genomes isolated from China, Thailand and Taiwan revealed ﬁve major differences among
them. Of these differences, a deletion region between ORF 23/24 and a variable region of ORF14/15 prone to
recombination were of particular evolutionary signiﬁcance. Focusing on these regions, 81 WSSV isolates from
Indiawere characterized by sequencing polymerase chain reaction (PCR) amplicons. The Indian strains carried a
10,970 bp deletion in the ORF 23/24 region relative toWSSV-TWandWSSV-TH-96-II. Analysis of the ORF 14/15
regions revealed twonovel strains ofWSSVwithunique sequenceswhich couldhaveevolved by recombination.
None of theWSSV isolates had a transposase sequence or VP35 gene as reported for Taiwan isolates. The Indian
strains were closely related to Thailand strains suggesting movement of a putative ancestor from Thailand to
other parts of the world including India.
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White spot syndrome virus (WSSV), the sole member of the mono-
typic familyNimaviridae, genusWhispovirus (Vlak et al., 2005) is known
to cause 100% mortality in shrimps within 3–10 days under farming
conditions (Lightner, 1996). WSSV is also known to infect several other
crustaceans (Hossain et al., 2001; Flegel, 2006). Since its ﬁrst report
from the Fujian province of China in 1991/1992, the virus has spread
rapidly throughout theworld (Flegel,1997) causing huge economic loss
to the aquaculture industry. Electronmicroscopy ofWSSV reveals a rod
shaped nucleocapsid with a cross-hatched appearance, surrounded by
a trilaminar envelope with a unique tail-like appendix at one end. The
rod shaped nucleocapsid is composed of 14 rings and has a circular
dsDNAgenome of approximately 300 kb (Wongteerasupaya et al.,1995;
Durand et al.,1997; Nadala and Loh,1998). It is one of the largest animal
virus completely sequenced so far (van Hulten et al., 2001; Yang et al.,
2001).
Three completeWSSV genome sequences have been described, one
each from Taiwan (WSSV-TW; Tsai et al., 2000; Acc. No. AF440570),
China (WSSV-CN; Yang et al., 2001; Acc. No. AF332093) and Thailand
(WSSV-TH; van Hulten et al., 2001; Acc. No. AF369029). The three
sequences have an overall identity of 99.32% and ﬁvemajor differences
among them: (i) a large deletion of about 13.2 kb in WSSV-TH and
about 1.2 kb in WSSV-CN genome relative to WSSV-TW. (ii) a variable
region prone to recombination. (iii) a transposase sequence present
only in WSSV-TW. (iv) variation in the number of repeat units withinar@yahoo.com
l rights reserved.homologous repeats (hrs) in the noncoding region and direct repeats
in coding region. (v) single nucleotide mutations, including deletion,
insertion or single nucleotide polymorphisms (SNPs) (Marks et al.,
2004; Dieu et al., 2004; Shekar et al., 2005). Based on analysis of the
two polymorphic loci, ORF 14/15 and ORF 23/24 that are prone to
recombination and deletion events, Marks et al. (2005) suggested that
the putative ancestral type for WSSV (WSSV-TH-96-II) originated in
Thailand with the largest genome size (~312 kb) so far reported.
WSSV outbreaks from India have been reported since 1994 (Ano-
nymous 1995). Karunasagar et al. (1997) reported severemortalities of
cultured shrimp along the east coast of India during 1994–95. There
are varying reports regarding the entry of WSSV into India and it is
strongly believed that it entered via aquaculture stocks that were
clandestinely transported from Southeast Asian countries (Shankar
and Mohan 1998). The present study is the ﬁrst attempt to charac-
terize the evolutionary lineage of IndianWSSV strains by analysing the
two polymorphic regions ORF 14/15 and ORF 23/24 and also the trans-
posase sequence.
Results
Out of the 98 samples analyzed only 81 were found to be positive
for WSSV by ﬁrst step PCR. Positive samples were further used for
studying the deletion, variable and transposase regions.
Analysis of ORF 23/24 region
Four out of the 81 samples analyzed with VR 23/24-I primer pair
gave an amplicon of ~2.4 kb while the remaining samples did not give
any amplicon.With the DEL F/R primer pair three out of the 81 isolates
Fig. 1. Schematic representation of the variable region ORF 23/24 of different knownWSSV strains. Lengths of the fragments are indicated above as boxes and are as reported in the
NCBI database. Deletions in the sequence are represented by dotted line (……). Nucleotide positions with respect to WSSV-TW genome are symbolized as Ф.
25B. Pradeep et al. / Virology 376 (2008) 24–30gave an amplicon of ~3 kb while remaining 78 did not give any visible
product. Two samples produced amplicons with both the primers.
The ~2.4 kb product generated a sequence of 2364 bases (GenBank
Acc. No. EU 327500). On aligning the sequence with WSSV-TW after
removing the primer binding region, there was complete nucleotide
identity (+/+ strand) from positions 1869–3372 followed by a deletion
of 10,970 bp and again 99% nucleotide identity from positions 14342–
15171 bp. The binding region of the forward primer showedmuch less
similarity to VR 23/24-I forward primer of Dieu et al. (2004). The
amplicon obtained with this primer pair was non-speciﬁc as the for-
ward primer binding region (4359–4376) was absent in these isolates.
We surmise that the product generated was the result of mispriming
due to eight bases of WSSV sequence from 1860–1868 presenting
complimentarity to the primer. Multiple alignment of the three clones
showed 98.88% similarity among them.
Similarly, the ~3 kb amplicon on sequencing was 2950 bases. This
product showed 99% similarity (+/+ strand) with WSSV-TW genome.Table 1
PCR primer pairs and cycling condition
Primer speciﬁc for Primer pair Sequence Annealing /Elongati
WSSV (1st step) IK-1 TGGCATGACAACGGCAGGAG 55, 30 / 72 30
IK-2 GGCTTCTGAGATGAGGACGG
WSSV (2nd step) IK-3 TGTCATCGCCAGCACGTGTGC 55, 30 / 72 30
IK-4 AGAGGTCGTCAGAGCCTAGTC
VR 23/24-1 Forward ATGGGCTCTGCTAACTTG 50, 60 / 72 420
Reverse ATGATTGTATTCGTCGAAGG
DEL F/R Forward CGACTCGTGGAAGAAAGAGC 50, 60 / 72 480
Reverse CTTTCTCCCCCAACTTCTCC
VR 14/15-Screen Forward GAGATGCGAACCACTAAAAG 49, 60 / 72 120
Reverse ATGGAGGCGAGACTTGC
VP 35 F/R Forward CACCTCTCCCTCCCATGTAA 55, 60 / 72 60
Reverse ATCTCCATGTCGCCAAACTC
Transposase Forward GTGGATAATATTCGTCTTCAAC 55, 60 / 72 120
Reverse CTCAAAGACAACGACATTAG
Cloning vector T3 AATTAACCCTCACTAAAGGGAA 55, 60 / 72 60
speciﬁc primer T7 GTAATACGACTCACTATAGG
Depending on amplicon size extension time changed (1 min extension for 1 kb fragment);
Primer sequences are all given in 5′–3′ orientation. Numbering of + strand is also given usinThe sequence alignment with WSSV-TW genome was from positions
2095 to 3372 after which a deletion of 10,970 bp was observed fol-
lowed by a 99% alignment from positions 14342 to 15990 after re-
moving the primer binding region (Fig. 1). Three of these isolates were
cloned and sequenced. The sequences obtained for all the clones were
similar and showed 99.21% nucleotide identity on multiple alignment.
One of these clones has been deposited in the GenBank (Acc. No. EU
327499).
None of the isolates gave a speciﬁc amplicon for the VP35 gene
sequence indicating the absence of this region. Even the sequenced
fragments of 2364 bp and 2950 bp did not possess this gene.
A sequence of 1489 bp indicates the presence of the transposase
region (Table 1). However, in our study 75 out of the 81 samples
resulted in an amplicon size of 151 bp indicating the absence of this
region. The remaining six samples also conﬁrmed the absence of this
region by dot blot hybridization. This suggests that the Indian strains
lack the transposase region.on temperature(°C) and time (s) WSSV coordinate Expected product size (bp)
259747–259766 Φ 487
260214–260233 Φ
259826–259846 Φ 316
260121–260141 Φ
4359–4376 Φ 10833 Φ
15172–15191 Φ
2075–2095 Φ 13936 Φ
15991–16010Φ
22904–22923 Ψ 1254 Ψ
24141–24157 Ψ
10456–10475 Φ 344Φ
10132–10151Φ
253988–254009 Ψ 151 Ψ
254119–254138 Ψ 1489 Φ
ΨWSSV-TH, ΦWSSV-TW.
g 5′–3′ order.
Fig. 2. Schematic representation of the variable region ORF 14/15 of WSSV putative common ancestor, WSSV-CN, WSSV-TH, WSSV-TW, WSSV-VN (A— largest of Vietnam isolate), WSSV-IN-05-I, WSSV-IN-07-I, WSSV-IN-06-I. Lengths of the
fragments are indicated in each box and are as reported in the NCBI database. Deletions in the sequence are represented by dotted arrow ( ).
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Fig. 3. Sequences for the ORF 14/15 regions of two Indian WSSV strains. The bases represented in blue font are novel sequences.
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Primers targeting the variable region of ORF 14/15 produced 3
amplicons of 356 (8.6%), 620 (76.6%) and 985 bp (3.7%) for the 81
samples tested. 11.1% of the samples did not give any ampliﬁcation.
Analysis of the 620 bp sequence (WSSV-IN-05-I, GenBank Acc. No.
EU 327501) revealed a nucleotide identity of 49.5%, 43.0% and 34.0%
with WSSV-TH, WSSV-CN and WSSV-TW respectively. The strain
WSSV-IN-05-I had 133 bp of the 257 bp in the 5′ region found in
WSSV-TH and 430 bp of 585 bp fragment found at 3′ end of ORF 14/15
in WSSV-CN and WSSV-TW (Fig. 2). Multiple alignment of the three
clones after removing the primer binding region revealed 96.58%
similarity among them.
Similarly, analysis of WSSV-IN-07-I 985 bp fragment revealed
53.5%, 46.5%, 30.3% and 36.1% nucleotide identity with WSSV-TH,
WSSV-CN, WSSV-VN (A) and WSSV-TW respectively. In addition,
WSSV-IN-07-I also contained a unique sequence of 315 bp not
observed in any of the WSSV strains sequenced so far (Fig. 2). This
sequence has been deposited in the GenBank (Acc. No. EF 468499;
Fig. 3). Further, this strain had 154 bp common with WSSV-TH and
WSSV-CN, which is not present in WSSV-TW. All the three samples
having this sequence were wild brooders from hatcheries. The mul-
tiple alignment of the three clones sequenced revealed a nucleotide
identity of 98.31%.
The 356 bp sequence (WSSV-IN-06-I) had least sequence similarity
with the three completely sequenced genomes. The three clones
which were sequenced had only 36 bp in common with the three
genomes while the remaining 320 bp were novel (Fig. 2). This
sequence has also been deposited in GenBank (Acc. No. EF 468498;
Fig. 3). The multiple alignment results of the three clones revealed a
nucleotide identity of 96.26%.
Discussion
Initial comparative studies involving the different geographical
strains of white spot syndrome virus showed very little difference
among them (Nadala and Loh, 1998; Wang et al., 2000) as the tech-
niques used were not sensitive enough to detect the variations in the
large genome of WSSV. Marks et al. (2004) in their study compared
the three completely sequenced WSSV isolates from Thailand, China
and Taiwan and suggested that the differences within the deletion,recombination and transposase regions could be used in tracing the
evolution of WSSV. Dieu et al. (2004) used the differences associated
with ORF 14/15 and ORF 23/24 to characterize the WSSV Vietnam
(WSSV-VN) isolates and suggested that the VN isolates and theWSSV-
TH have a common lineage, which branched off from WSSV-TW and
WSSV-CN early on and could have entered Vietnam by multiple in-
troductions. At that timeWSSV-TH-96-II the largest genome currently
known, was not reported. Marks et al. (2005) suggested that WSSV-
TH-96-II (~312 kb) may be the putative ancestor of all modern strains
of WSSV described to date. We analyzed the ORF 14/15 region of this
strain (Acc. No. AY753327) and found that it had all the sequences of
the earlier described genomes and that it could be the connecting link
between different WSSV strains. The high degree of similarity of this
strain with the WSSV-TH strain suggests that the WSSV-TH would
have evolved from this ancestral virus. Even the WSSV-VN strain
showed remarkable similarity with this ancestral genome suggesting
that WSSV could have been introduced into Vietnam from Thailand.
The WSSV-TW strain which was considered to be the largest genome
earlier had all the nucleotide bases which were present in WSSV-TH-
96-II but lacked 4481 bases which were present in ORF14/15 of this
strain. This clearly suggests that even WSSV-TW could have evolved
from this strain (Figs. 1 and 2). Marks et al. (2005) also showed
differences in RFLP pattern between two distinct isolates with largest
(~312 kb) and smallest (~293 kb) WSSV genomes known. A difference
in virulencewas also observed between these two isolates, the smaller
isolate being more virulent.
The present study was focused on the variable regions of ORF14/15
and ORF23/24 to characterize the origin of Indian WSSV isolates. Ana-
lysis of deletion region ORF 23/24 suggest a deletion of 10,970 bp in
Indian isolates when compared to WSSV-TW and WSSV-TH-96-II. The
remaining bases of Indian isolates in this region were identical with
these genomes (Fig. 1). Marks et al. (2005) and Dieu et al. (2004)
hypothesized that the modern day WSSV isolates would have mutated
from a putative ancestor which could have originated from either side
of Taiwan Strait and moved to different parts of the world by gradual
deletions of various lengths in both the variable loci of ORF 23/24. The
studies of Dieu et al. (2004) suggest that deletions ranging from 1168
(WSSV-CN) to 13,210 bp (WSSV-TH) are found in variousWSSV isolates.
WSSV strains from Vietnam showed deletions ranging from 8539 to
12,166 bp. The mechanisms and circumstances under which the dele-
tions in the WSSV genome occur are still unclear. The three completely
28 B. Pradeep et al. / Virology 376 (2008) 24–30sequenced isolates and WSSV-TH-96-II might have evolved from this
putative common ancestor. Our studies also suggest the above hypo-
thesis of an ancestral WSSV strain which is yet to be reported from
whichWSSV-TH-96-IIwould have evolved andmoved to different parts
of theworld including India (Fig. 4). The 13 kbdeletion regionpresent in
WSSV-TW and WSSV-TH-96-II has been reported to code for a nu-
cleocapsid protein, VP35 (Marks et al., 2004). Absence of this gene in
Indian strains supports the theory that this protein is not important for
virulence of WSSV (Marks et al., 2004).
Analysis of the sequences of two of the Indian isolates (WSSV-IN-
05-I and WSSV-IN-07-I) targeting ORF14/15 region (Fig. 2) suggests
that they are closely related to Thailand isolate (WSSV-TH) as they
showed nucleotide identity of 49.5 and 53.3% and also had portion of
257 bp unit of WSSV-TH. When compared with the Chinese isolate
(WSSV-CN) they showed 43 and 46.5% similarity but with Taiwanese
isolates (WSSV-TW) they showed least similarity (34 and 36.1%).
Furthermore, they contained 257 bp fragment, which is absent from
the Taiwanese strain indicating that the Indian isolates might not have
evolved from the Taiwanese strain. The absence of transposase se-
quence in Indian strains further supports the argument that Indian
strains might not have originated from Taiwanese strains. Similarly
Indian isolates had much less similarity with the Vietnamese isolates,
thus ruling out the possibility of introduction of WSSV into India from
Vietnam. The ORF 14/15 region of a third Indian isolate (WSSV-IN-06-I)
did not show any similarity with any of the sequences in the GenBank
except for the primer binding region. The ORF 14/15 region has been
reported to be prone to recombination. The presence of two novel
sequences in two of the Indian isolates (WSSV-IN-06-I and WSSV-IN-
07-I) suggests that they might have been derived by recombination
event. However, the source of these sequences is not known although
WSSV-IN-06-I showed 26% similarity with Penaeus monodon AFLP
fragment deposited in the GenBank (Acc. No. EF99076.1). It is impor-
tant to note that few Indian strains had two different novel sequencesFig. 4. Map of Southeast-Asia showing the possible geographical oriin this region. Considering that the ORF 14/15 is a relatively small
fragment as compared to ORF 23/24 and can be easily ampliﬁed and
sequenced, it can be suggested that studying the sequence of this
regionwould be highly useful for epidemiological purposes. The three
different types of WSSV strains were found in different regions of east
and west coast of India.
Out of the 81 samples analyzed 11.1% of the isolates did not
produce a visible amplicon for ORF14/15 PCR. In the case of ORF 23/24
PCR only 4.9% of the samples gave a reaction using DEL F/R primers
and 3.7% using VR23/24-1 primer pair; in total only 6.2% of samples
produced a visible amplicon despite the fact that the isolates selected
for variable region analyses were 1st step positive for WSSV. The
reason for non-ampliﬁcation of PCR product could be attributed to the
genetic variation in this region as they are prone to deletion. This was
evident in the case of VR23/24-I PCR wherein, the sequencing results
revealed deletion in the forward primer binding region. The non-
speciﬁc amplicons obtainedwas due to complimentary sequence from
positions 1860–1868 in the WSSV genome which resulted in mis-
priming and ampliﬁcation. It is possible that the primer binding re-
gion was deleted in most of the isolates or a possible deletion N13 kb
has resulted in these Indian isolates and therefore did not produce any
amplicon. The results from ORF 23/24 PCR clearly indicates a deletion
of 10,970 bp or N13,936 bp (non-ampliﬁed samples) in Indian isolates
suggesting a possible deletion from the putative ancestral strain.
Hence the interpretation in this study is mainly based on the variable
region of ORF 14/15 which gives better understanding of WSSV
evolution which is supplemented with the sequences from deletion
region of ORF 23/24.
Our study suggests that analyzing the recombination region
(ORF 14/15) and deletion region (ORF23/24) could be helpful in
tracing the lineage and movement of WSSV world wide. Our study
also suggests that the Indian WSSV strains might have originated
from Thailand.gin and transmission of WSSV. Source: www.nationsonline.org.
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Shrimp sampling and WSSV screening
Ninety-eight shrimp samples (Penaeus monodon) were collected
from both the east coast (Andhra Pradesh and Tamilnadu) and west
coast (Karnataka and Kerala) of India (Fig. 5) during the interval
between February 2005 and May 2007. The samples included shrimps
from suspected WSSV outbreak ponds and wild spent brooders from
hatcheries. Pleopods of three moribund shrimps from each pondwere
collected and stored in 95% ethanol. These were transported to labo-
ratory for analysis of WSSV.
Approximately 50 mg of pleopods from each sample were used for
DNA extraction using digestion buffer containing 10 mM Tris–HCl, pH
8.0, 0.1 M EDTA, pH 8.0, 0.5% Triton X-100, 6 M Guanidine hydro-
chloride, 0.1 M Sodium acetate. DNA extraction was carried out ac-
cording to the protocol described by Otta et al. (2003). WSSV isolates
were identiﬁed based on nested PCR using primers IK-1/2 and IK-3/4
(Table 1). The PCR reactionmix included 1.5 mMMgCl2, 200 μMdNTPs
and 3 U of Taq polymerase.
Ampliﬁcation of (ORF 23/24) and variable (ORF 14/15) regions
WSSV isolates were analysed for the deletion region ORF 23/24
using two different sets of PCR primers, as the ﬁrst pair primers (VR
23/24-I) described by Dieu et al. (2004) which targeted sequence
inside the deletion region (Fig.1) failed to yield any detectable product
for most of the samples. We assumed that the primer binding regions
of these primers were deleted in most samples. Hence a second set of
primer (DEL F/R) designed using primer3 software (http://frodo.wi.
mit.edu/cgi-bin/primer3/primer3_www.cgi) was used to amplify the
whole deletion region as it annealed to the sequences ﬂanking theFig. 5. Geographic map of south India showing sample collection sites and collection poindeletion region (Table 1). High ﬁdelity Taq polymerase was used in
both PCRs as larger fragments up to 13 kb was expected.
A separate set of primer was also designed to amplify the VP 35
gene sequence within the deletion region (Table 1).
The variable region (ORF 14/15) was analyzed using PCR primers
described by Dieu et al. (2004) with PCR conditions as detailed in
Table 1.
Ampliﬁcation of transposase sequence
Presence of transposase sequence was analyzed by PCR with
primers and conditions as described in Table 1. In strains positive for
this sequence, an amplicon of 1481 bp is expected, while in strains
negative for this sequence a 151 bp fragment is expected (Dieu et al.,
2004). Presenceof viralDNA in samples negative by PCR,was conﬁrmed
by dot blot hybridization using the 151 bp fragment as probe. DIG
labeling and hybridizationwas done according to Ausubel et al. (1995).
Cloning and sequence analysis
Three PCR amplicons of deletion region, from VR23/24-I PCR, DEL
F/R PCR and from variable region (620 bp, 985 bp and 356 bp) were
used to clone and sequence. The PCR products were puriﬁed using a
PCR puriﬁcation kit (QIAGEN, USA). These puriﬁed products were
subsequently cloned into pSC-A cloning vector (Strataclone, USA) and
the positive clones were screened by PCR using the relevant speciﬁc
primers. The plasmids from the clones were extracted using a Fast
Plasmid Mini kit (Eppendorf, Germany) and sequenced using T3 and
T7 primers by Bangalore Genei, India.
Primerwalkingwas done to sequence large fragments (~2.4 kb and
~3 kb) from ORF 23/24 clones by designing primers internal to the
sequences obtained from T3 and T7 primers.ts of three Indian strains, WSSV-IN-07-I (+), WSSV-IN-05-I (++), WSSV-IN-06-I (+++).
30 B. Pradeep et al. / Virology 376 (2008) 24–30Pairwise and multiple alignments for sequences were done after
excluding the vector sequence and the primer binding region with
available WSSV sequences in GenBank using BLAST (http://www.ncbi.
nlm.nih.gov/BLAST) and MultAlin (http://bioinfo.genopole-toulouse.
prd.fr/multalin/cgi-bin/multalin.pl) programs.
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